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Abstract. 
 
Using both the proton selective vibrating 
electrode to probe the extracellular currents and ratio-
metric wide-field fluorescence microscopy with the in-
dicator 2
 
9
 
,7
 
9
 
-bis-(2-carboxyethyl)-5-(and-6)-carboxyfluo-
rescein (BCECF)-dextran to image the intracellular pH, 
we have examined the distribution and activity of pro-
 
tons (H
 
1
 
) associated with pollen tube growth. The in-
tracellular images reveal that lily pollen tubes possess a 
constitutive alkaline band at the base of the clear zone 
and an acidic domain at the extreme apex. The extra-
cellular observations, in close agreement, show a pro-
ton influx at the extreme apex of the pollen tube and an 
efflux in the region that corresponds to the position of 
the alkaline band. The ability to detect the intracellular 
pH gradient is strongly dependent on the concentration 
of exogenous buffers in the cytoplasm. Thus, even the 
indicator dye, if introduced at levels estimated to be of 
1.0 
 
m
 
M or greater, will dissipate the gradient, possibly 
through shuttle buffering. The apical acidic domain cor-
relates closely with the process of growth, and thus may 
play a direct role, possibly in facilitating vesicle move-
ment and exocytosis. The alkaline band correlates with 
the position of the reverse fountain streaming at the 
base of the clear zone, and may participate in the regu-
lation of actin filament formation through the modula-
tion of pH-sensitive actin binding proteins. These stud-
ies not only demonstrate that proton gradients exist, 
but that they may be intimately associated with polar-
ized pollen tube growth.
Key words: pollen tube growth ¥ pH ¥ proton flux ¥ 
ratiometric ion imaging ¥ vibrating probe
 
D
 
ESPITE
 
 considerable effort to measure and image
cytosolic pH (pH
 
c
 
),
 
1
 
 a generalized understanding
of the status and role of protons in cellular physi-
ology remains elusive. Yet pH
 
c
 
 plays a central role in the
regulation of a number of cellular processes including
modulation of enzyme activity (Guern et al., 1991), state
of phosphorylation (Blowers and Trewavas, 1989), struc-
ture and activity of the cytoskeleton (Yonezawa et al.,
1985; Suprenant, 1991; Andersland and Parthasarathy,
1993; Edmonds et al., 1995), endocytosis and exocytosis
(Cosson et al., 1989; Gluck et al., 1982), and protein synthe-
sis and cell division (Dube et al., 1991; Grandin et al.,
1991). The importance of these processes allows the pre-
diction that protons might be one of the most basic and ef-
fective common denominators to convey spatial and tem-
poral information inside a living cell, and leads to the
notion that modulation of pH
 
c
 
 acts as a bona fide second
messenger (Felle, 1989). However, this concept still lacks
the foundation to be widely accepted.
Recognizing that localized movement and accumulation
of ions correlates with the establishment and magnitude of
polarity, especially in tip-growing plant cells, we have fo-
cused on the elongating pollen tube as a model system to
explore the distribution of protons. Most attention thus far
has been directed towards calcium ions (Ca
 
2
 
1
 
), which are
observed in the form of a Òtip-focusedÓ gradient at the ex-
treme apex of the growing pollen tube (Miller et al., 1992;
Pierson et al., 1994). Evidence for the intracellular gradi-
ent comes directly from the use of intracellular indicators,
e.g., fluorescent dyes (Obermeyer and Weisenseel, 1991;
Rathore et al., 1991; Miller et al., 1992; Malh et al., 1994,
1995; Pierson et al., 1994, 1996) and the photoprotein ae-
quorin (Messerli and Robinson, 1997), and indirectly from
the use of the ion-selective vibrating electrode, which re-
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1. 
 
Abbreviations used in this paper: 
 
ADF, actin-depolymerizing factor;
BCECF, 2
 
9
 
,7
 
9
 
-bis-(2-carboxyethyl)-5-(and-6)-carboxyfluorescein; CCD,
charge-coupled device; pH
 
c
 
, cytosolic pH. 
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veals a flux of Ca
 
2
 
1
 
 from the extracellular medium that is
inwardly directed specifically at the apex of the pollen
tube (Khtreiber and Jaffe, 1990; Pierson et al., 1994,
1996; Feij et al., 1994b, 1995).
Although the importance of Ca
 
2
 
1
 
 cannot be disputed, it
nevertheless seems plausible that other ions, notably pro-
tons (H
 
1
 
), might also be involved, either directly or in con-
cert with Ca
 
2
 
1
 
, as it has been proposed for other polarized
growing systems (Felle, 1988a,b). Protons do not possess
such low diffusion constants as calcium, however, they do
have migration rates that are in the range that allows the
theoretical prediction of localized gradients and hot spots,
which could act as spatial markers or structural organizers.
Moreover, in the pollen system, the H
 
1
 
-ATPase, as in
other plant cells, is the primary electrogenic pump respon-
sible for generating proton gradients that are used by the
cell for a myriad of energy requiring processes (Sze, 1985;
Al-Awqati, 1986; Briskin and Hanson, 1992). Based on
studies with the vibrating electrode and with immuno- and
cytochemical probes, the evidence indicates that H
 
1
 
-ATP-
ases (or their activity) are intrinsically polarized; they are
richly expressed in the plasma membrane of the pollen
grain, but, with the possible exception of the tip domain,
only weakly, if at all, over the pollen tube itself (Weis-
enseel and Jaffe, 1976; Feij et al., 1992, 1994a, 1995;
Obermeyer et al., 1992).
Less clear is the relationship between H
 
1
 
 and the pro-
cess of cell elongation, which is restricted to the extreme
apex of the pollen tube. In other tip-growing cells, notably
the rhizoid initial of 
 
Pelvetia
 
 (Gibbon and Kropf, 1991,
1994), both H
 
1
 
-specific microelectrodes and fluorescent
indicator dyes indicate that the apex is acidic relative to
the bulk cytoplasm with a gradient of 0.3Ð0.5 U of pH
 
c
 
.
Further studies showed that the acidic tip is necessary for
growth, and that axis development starts from small varia-
tions in pH
 
c
 
 (Kropf et al., 1995). The evidence from other
systems, however, is not as compelling. Negative evidence
for an intracellular pH
 
c
 
 gradient has been reported for
root hairs (Hermann and Felle, 1995). Fungi, on the other
hand, have been the subject of contradictory reports: an
alkaline gradient up to 1.4 U has been reported in the
growing hyphae of 
 
Neurospora crassa
 
 (Robson et al.,
1996), whereas a gradient extending from pH 6.7 in the tip,
to above 7.0 and then declining to a basal 6.7 over the first
300 
 
m
 
m has been observed in 
 
Gigaspora margarita
 
 (Joli-
coeur et al., 1998). On the other hand Bachewich and
Heath (1997) and Parton et al. (1997), using the dye
SNARF-1 and confocal microscopy, failed to detect any
gradient. However, both groups provided evidence for a
role of pH
 
c
 
 in the regulation of hyphal growth.
The evidence is also mixed for studies on pollen tubes
themselves. Early work by Turian (1981), using absor-
bance indicator dyes, reported that the pollen tube apex is
acidic. More recently Feij et al. (1995) provide prelimi-
nary evidence showing that some 
 
Agapanthus
 
 pollen tubes
have gradients up to 1 pH
 
c
 
 U but, curiously, other pollen
tubes do not exhibit any gradient at all, and yet continue to
grow. The question has come to an even sharper focus re-
cently with the publication of three studies (Parton et al.,
1997; Fricker et al., 1997; Messerli and Robinson, 1998) re-
porting that in growing pollen tubes pH gradients are not
required or associated with tip growth.
 
Before these recent studies of Parton et al. (1997),
Fricker et al. (1997), and Messerli and Robinson (1998)
had appeared we too had been working on the question of
pH
 
c
 
 gradients associated with pollen tube growth in lily.
Using both a proton selective vibrating electrode to probe
the extracellular fluxes and ratiometric widefield fluores-
cence microscopy with the indicator 2
 
9
 
,7
 
9
 
-bis-(2-carboxy-
ethyl)-5-(and-6)-carboxyfluorescein (BCECF)-dextran, to
quantitatively image pH
 
c
 
, we provide evidence that gradi-
ents exist. In brief, we show that lily pollen tubes possess a
constitutive alkaline band at the base of the clear zone and
an acidic domain at the extreme apex. The latter is corre-
lated closely with growth whereas the former, possibly
with cytoskeletal dynamics and the presence of membrane
H
 
1
 
-ATPases. These intracellular observations moreover
fit closely with the pattern of extracellular currents, show-
ing an H
 
1
 
 influx at the extreme apex, with efflux at the
base of the clear zone, forming a closed loop of proton
movement in the tube tip. We conclude, therefore, that
proton gradients exist and that they may be associated
with polarized pollen tube growth.
 
Materials and Methods
 
Pollen Culture
 
Fresh and liquid nitrogen-stored pollen grains of 
 
Lilium longiflorum
 
 (cv.
Ace) were sown in germination medium optimized for the measurement
of extracellular proton fluxes with the H
 
1
 
-selective vibrating probe. More
than 10 different media allowed satisfactory results, but all data shown
were obtained with medium no. 4, which contained 1.0 mM KCl, 0.05 mM
CaCl
 
2
 
, 1.6 mM H
 
3
 
BO
 
3
 
, 0.05 mM 2-(
 
N
 
-morpholino) ethanesulfonic acid
(MES) buffer, and 5% sucrose. All reagents were analytical grade and so-
lutions were made in ultrapure water. Besides providing optimized condi-
tions for the use of the vibrating probe, this medium allowed better
growth rates than that previously used for ratiometric studies (Miller et al.,
1992; Pierson et al., 1994, 1996). For microinjection, once-germinated pol-
len tubes were fixed to a coverslip forming the bottom of a microscope
slide chamber with a thin layer of medium supplemented with 1.2% low
gelling temperature agarose (type VII; Sigma). When the agarose had
gelled, the chamber was filled with medium. Measurements were made on
tubes 700Ð2,500 
 
m
 
m in length, with growth rates ranging from 12 to 25 
 
m
 
m/
min, and tube diameters ranging from 12 to 18 
 
m
 
m.
 
Ratiometric pH
 
c
 
 Imaging
 
Pollen tubes were pressure-injected with BCECF-dextran (10 kD; D-1878;
Molecular Probes) diluted to concentrations from 10.0 to 0.5 mg/ml in ul-
trapure water. Images were captured on a charge-coupled device (CCD)
camera (type CH250 camera head, AT 200 camera controller and Thom-
son TH-7883 CCD chip; Photometrics) attached to a Nikon Diaphot 300
inverted microscope, and using a Nikon 40
 
3 
 
1.3 NA oil immersion objec-
tive lens, which has high transmittance. The pollen tubes were illuminated
with 450 (pH independent) and 490 nm (pH dependent) light from a mer-
cury arc lamp, which is regulated by a purpose-built power supply. Emit-
ted light was collected at 520 nm. Ratio images were calculated from
background-subtracted images of the pH-dependent and -independent
wavelengths (490:450 nm), and a threshold applied, such that areas con-
taining little or no dye (low pixel intensity at 450 nm) were set to black.
Although the image acquisition software (PMIS; Photometrics) was opti-
mized to collect image pairs at 3Ð4-s intervals, we were forced, because of
low dye concentrations and associated problems of photobleaching, to op-
erate in the range of 15Ð25-s intervals between successive images. Ratio
image and area average calculations were also carried out using PMIS and
Comos (v. 6.0; Bio-Rad Microscience). pH was calculated in various parts
of the tube by taking an average of a 12 
 
3 
 
12 pixel (
 
z
 
5 
 
m
 
m
 
2
 
) area.
Both in situ
 
 
 
and in vitro
 
 
 
calibrations were performed. The in vitro cali-
bration was made with a pseudo-cytosol medium modified from Dixon et
al. (1989) containing 100 mM KCl, 30 mM NaCl, 500 mM mannitol, 40%
sucrose, 25 mM MES, and 25 mM Hepes, adjusted to pH 6.0, 7.0, and 8.0. 
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The addition of sucrose allowed for better simulation of the internal vis-
cosity of cells (Poenie, 1990). In situ calibrations were made using a modi-
fied protocol from Dixon et al. (1989), Bright et al. (1989), and Kasner and
Ganz (1992). Dixon et al. (1989) used a combination of nigericin and ele-
vated extracellular potassium, a protocol that was not entirely successful
when used on 
 
Pelvetia 
 
(Kropf et al., 1995). However, when nigericin was
combined with valinomycin, as reported by Kasner and Ganz (1992), it
was possible to effectively clamp the pH. The final medium was similar to
that used for in vitro calibration with 2 
 
m
 
M valinomycin and 5 
 
m
 
M nigeri-
cin, and lacking sucrose. In all conditions, deviation between in vitro
 
 
 
and
in vivo
 
 
 
calibration showed less than 0.1 pH U difference at the high pH
range (7.5Ð8.0) and even smaller amounts for the rest of the pH range. For
this reason, unless otherwise specified, most of the calibrations shown
were obtained by the in vitro method.
Estimation of the final intracellular dye concentration involved the
quantification of pixel intensity on the independent channel, which was
assumed to be an indirect measure of the dye concentration. A linear
transect on the midplane, i.e., diameter, along the tube was pixel aver-
aged. Then preparations with the same thickness between slide and cover-
slip as the tube previously measured were examined with calibrated
solutions of known diluted concentrations (e.g., using regular 22-mm cov-
erslips at a volume of 8 
 
m
 
l will create a thickness of 16.5 
 
m
 
m). These were
area averaged after excitation under the exact same conditions as the orig-
inal image to be calibrated. Under these conditions it was shown that: (a)
below 30-
 
m
 
m thickness the relation between the thickness and the emitted
fluorescence at 450 nm was linear; (b) with a fixed thickness of 20 
 
m
 
m the re-
lation between the dye concentration and the emitted fluorescence was
linear; and (c) there was a general agreement between the in vitro and the
in situ calibrations (in the worst scenario a shift of 0.1 pH U occurred on
the low edge, close to pH 8.0). This method was thus judged to deliver
good estimates of the intracellular concentration of the dye and, indi-
rectly, the dilution associated with the process of microinjection.
 
Pollen Tube Growth and Intracellular pH Manipulation
 
The inhibition of pollen tube growth and its subsequent recovery was in-
duced in BCECF-dextran loaded cells by a brief exposure to germination
medium with 20% sucrose, followed by a return to normal medium. This
procedure allowed us to follow the intracellular pH changes, if any, re-
lated to growth.
The effect of buffer on pH
 
c
 
 was monitored by injecting a solution of
5 mM of Hepes, pH 7.0, into tubes previously loaded with BCECF-dex-
tran. Care was taken to select tubes that had already exhibited normal
growth rates and cytological appearance.
 
Extracellular Flux Measurements
 
An ion-selective vibrating electrode (Khtreiber and Jaffe, 1990; Kochian
et al., 1992) was used to measure extracellular proton fluxes in pollen
tubes. Electrodes were pulled from 1.5-mm glass capillaries (TW150-4;
World Precision Instruments) with a Sutter Flaming Brown (model P-97;
Sutter Instrument) electrode puller. These were made hydrophobic by
baking at 250
 
8
 
C for at least 2 h followed by exposure to dimethyl-dichlo-
rosilane (D-3879; Sigma) vapor at 250
 
8
 
C for 10 min and further baking for
at least 1 h. The electrodes were back-filled with 40 mM KH
 
2
 
PO
 
4 
 
and 15
mM NaCl, pH 7.0, to a length of 10 mm from the tip, and then with a 10Ð
15-
 
m
 
m column of pH selective liquid proton exchange cocktail (Hydrogen
Ionophore I-cocktail B, no. 95293; Fluka), which was drawn into the tip of
the electrode by application of suction to the basal end of the pipette. A
Ag/AgCl wire electrode holder (World Precision Instruments) inserted in
the back of the electrode established electrical contact with the bathing
solution. The ground electrode was a Ag/AgCl half-cell (World Precision
Instruments) connected to the solution by a 0.5% agarose bridge contain-
ing 3 M KCl. Signals were measured by a purpose built electrometer (Ap-
plicable Electronics). Electrode vibration and positioning were achieved
with a three-dimensional (3-D) positioner. Data acquisition, preliminary
processing, and control of the stepper motor-driven 3-D positioner were
done with the program 3DVIS (adapted by J.G. Kunkel from v. 6 of the
program DVIS described by Smith et al. [1994]).
The self-referencing vibrating probe oscillates at 0.5Ð1.0 Hz with an ex-
cursion of 10 
 
m
 
m, completing a whole cycle in 1Ð2 s. At each position the
probe records 10 time bins of data. The first three bin averages at each po-
sition are discarded allowing the probe to settle after its move, and the re-
maining seven are averaged. This settled average is then subtracted from
each of the bins of data acquired at the next position of the probe; this
 
subtraction represents the self-referencing feature of the probe (each po-
sition is referenced to the settled average of the last position). A rolling
average of 14 bins (seven at each oscillation extreme) is recorded and
timed at the end of its bin. Thus, the maximum offset in time is 1 s. The
rolling average includes the self-referenced bin averages from the current
bin plus the 13 preceding bins. Strictly speaking, each rolling average is
statistically dependent on the last 13 and the next 13 rolling averages to be
calculated by virtue of sharing bin averages in their calculation (Hold-
away-Clarke et al., 1997).
Proton fluxes at the surface of a pollen tube were measured by vibrat-
ing the electrode tip as close as possible to the perpendicular (90
 
8
 
) of the
tube surface without touching the tube. The extreme measuring point was
positioned to be within 1Ð3 
 
m
 
m of the tube surface where fluxes are as-
sumed to be uniform (e.g., Smith et al., 1994) by moving the probe by the
smallest steps possible (
 
,
 
0.5 
 
m
 
m). Background references were taken at
more than 500 
 
m
 
m from any pollen grain or tube and the value subtracted
from the surface measurements. The entire setup was built around a Zeiss
IM35 inverted microscope, with video camera attached, and connected to
a video recorder. Cells selected for measurement were 800Ð2,500 
 
m
 
m in
length, and were growing parallel to the base of the chamber. The growth
of the tube was recorded on videotape.
 
Tube Growth Rate Measurements
 
The growth rate of pollen tubes was measured from videotape. Frames
were captured from video VHS tape at 2Ð4-s intervals, and the position of
the tip as well as the time was recorded for each frame. The rate, calcu-
lated from two adjacent frames, was assigned to a time at the midpoint be-
tween them. Growth data were aligned with proton flux using a video data
inserter that was time-synchronized with the computer clock. Time values
were taken directly from the video frames and ASCII files produced by
the 3DVIS software.
 
Results
 
Proton Extracellular Fluxes Are Organized in Spatially 
Localized Loops
 
To characterize proton dynamics and pH regulation in
growing pollen tubes, we first examined the extracellular
currents using the proton selective vibrating probe. Vari-
ous reasons underlie this choice; it is a totally noninvasive
technique, easy to apply to growing pollen tubes and, with
the available pH sensors, has an excellent signal to noise
ratio (Kochian et al., 1992). Furthermore, it has already
been used to examine proton fluxes around early germi-
nating pollen grains and short tubes (Feij et al., 1994b).
The recent discovery of periodic growth rate oscillation in
pollen tubes longer than 700 
 
m
 
m (Pierson et al., 1996)
made it pertinent to examine closely their extracellular
proton fluxes.
Germinating pollen grains and short tubes (
 
,
 
300 
 
m
 
m)
were shown to follow much the same pattern described for
total electric currents, i.e., the grain is the only source and
the tube is the sink (Feij et al., 1994b). This pattern was
confirmed in the present study. However, tubes were fol-
lowed to longer lengths, revealing a new, emerging pattern
that is depicted in Fig. 1. From 600Ð800 
 
m
 
m on, we de-
tected a new membrane domain, roughly corresponding to
the clear zone, that effluxes. These fluxes, which in some
instances attained values (per area unit) similar to those
detected in the grain, seemed to be stable, or at least did
not exhibit distinct temporal changes. It follows that at this
length two closed loops of proton circulation emerged, one
around the grain, and another around the growing tip. The
bulk of the flux source and sink range to 
 
z
 
150Ð200 
 
m
 
m
in both cases. Although the absolute values of the flux
showed some variability from cell to cell, this pattern was 
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stable, being confirmed in a significant number of growing
tubes (
 
n
 
 5 
 
13). Between the two loops there was another
membrane domain where only very small fluxes were ob-
served. Some of these fluxes revealed significant devia-
tions from the background noise but they cannot be com-
pared in magnitude with the signals detected around the
grain and the tip. In the transition domain area in which
reversal of the flux occurs, no significant fluxes could be
detected. This pattern seems to reflect a gradual, rather
than specifically localized, change from one membrane do-
main to another. Longer tubes (up to 3 mm) were also in-
vestigated and again the closed loop at the tip was always
detectable (see Fig. 2). Yet two other trends could be also
characterized: first, whereas the efflux in the clear zone re-
mained stable, the grain efflux decreased from a certain
point on (
 
.
 
2 mm); second, alternate banding of effluxes
and influxes arose along the tube in between the tip loop
and the grain loop. The size of these alternating bands was
not completely regular, and, as in the transition zone in
Fig. 1, the magnitude of the fluxes was always one order of
magnitude lower than the one driven by the tip and the
grain.
A detailed exploration of the tip area in one of these
longer tubes (
 
z
 
1.5 mm) is shown in Fig. 2. The plot shows
a real-time trace of the vibrating probe, taken with a fre-
quency of 0.5 Hz and an excursion of 10 
 
m
 
m. Under these
operating conditions, and with the software used, a datum
was generated every 3.3 s. The measuring routine is shown
in the inserted cartoon. The probe was first driven to fol-
low the growing apex. As it is shown, the apical domain
possesses well-defined, oscillating peaks of proton influx.
These oscillations are sustained during long periods of
time with sequences up to 30 min being routinely detected,
which exhibit stable period and amplitude. In the experi-
Figure 1. Representative
profile of the proton fluxes
along a growing pollen tube
(z800-mm long) at pH 6.1.
The pollen grain membrane
always drives significant ef-
fluxes of protons, presum-
ably by the activity of proton
translocating ATPases lo-
cated at the pollen grain
membrane (see Discussion). Immediately after the pore, pollen tubes show a strong influx domain of protons in the proximal 150Ð200
mm. This influx decreases along the tube and eventually reverses, becoming a clear efflux of protons in the region of the clear zone. An-
other reversal of the current direction is observed in the apical dome, characterized by a strong point influx at the very tip, with chaotic
small amplitude oscillations for short tubes, or sustained large amplitude oscillations for longer tubes. The clear zone domain of proton
efflux is usually not discernible in small tubes (,500 mm), and becomes increasingly well defined from the size of the one depicted. As
tubes continue to elongate this pattern evolves subsequently to a banding alternation of small efflux and influx domains over distances
of z300Ð400 mm. However the grain 1 proximal tube and the clear zone 1 tip-closed loops of proton circulation remain as shown in
this figure. Although these patterns have been confirmed in a significant number of tubes (n 5 13) the absolute values shown vary con-
siderably with the bath pH and tube length. Bar, 1.0 pmol/cm2/s; pollen grain and tube not drawn exactly to scale; grain is z120 3 80 mm
and tube is z18 mm in diameter.
Figure 2. Detailed real-time exploration of the
currents around the tip and subtip areas of a
tube  z1.0-mm long and grown at pH 6.5. Contin-
uous vibration of the probe at the closest possi-
ble point (less than 2 mm) of the growing tip was
achieved by very small steps mimicking the tube
advance. Under these conditions a sustained os-
cillatory pattern of the tip proton influx was ob-
served, sometimes during more than an hour, in
which the influx could be seen to change from
nearly 0 to 0.4 pmol/cm2/s. From time 2,800 s the
direction of the probe vibration was orthogo-
nally changed, and the probe left stationery as
the tube was allowed to grow along it (see inset
with tube tip). In this circumstance a profile of
the proton flux domains underneath the tip was
observed without changing the probe position.
The physical location of the probe related to the
tip is assigned in A and B. As soon as the probe
slips out of the tip dome a sharp reversal of the flux occurs and remains as an efflux over a distance that roughly correlates with the ex-
tent of the clear zone. Another reversal of the flux is then observed in the rest of the tube, which then evolves to a pattern of small, less
defined effluxes. Background reference measurements are included for both directions of probe vibration showing that the bath back-
ground fluxes are insignificant in relation to the signal. 
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ment shown the tip was followed for 
 
z
 
10 min, after which
the probeÕs direction was changed 90
 
8
 
 and the subapical
domains were mapped. A clear-cut reversal of the current
was detected about one tube diameter behind the apical
dome, which then peaked in the midpoint of the clear zone
(point A in Fig. 2). This specific plot was obtained by halt-
ing the probe vibration position, and letting the tube grow
past the probe. Therefore, the up and down of the trace
reflects the flux topography along the tube, as if the tube
had not grown, and the probe was continuously translated
along the side of the membrane. At about the point where
the clear zone ends and the normal streaming of large or-
ganelles is observed, the flux direction reverses again to an
influx domain (point B in Fig. 2), which in this example,
extends 
 
z
 
100 
 
m
 
m. Along the tube other reversals were
then observed, but with much less defined spatial borders,
and much lower flux magnitudes. The inserted back-
ground references refer to both directions of vibration and
clearly show an insignificant noise level, and a very good
signal/noise ratio for all measurements plotted in this
chart. A spatial representation of a data set similar to this
one is shown in Fig. 5 b. It should be stressed that although
the lateral fluxes are consistently stable, the vector de-
picted at the apex is the average of the oscillating flux inte-
grated over 10 min. As will be described, the extracellular
proton flux pattern closely matches the adjacent intracel-
lular pattern of pHc.
Resolution of pHc Is Strongly Dependent on
Probe Concentration
The results above show that significant extracellular fluxes
occur, and define specific domains of proton dynamics
along the tube. In some instances, especially at low pHs
(z5.0), the extracellular expression of these fluxes outside
the cell is a measurable gradient which, at the extreme of
some apical influx peaks, attained values of z0.5 pH U
over 10 mm. Despite the fact that the intracellular buffer-
ing is dramatically different than the weakly buffered ger-
mination milieu in which these gradients are formed and
detected, it became mandatory to determine if this pattern
was in some way expressed inside the tube. We selected
BCECF-dextran because it is the most widely used pH
probe and has been applied in a number of systems with
reliable and reproducible results. Furthermore, the dex-
tran ensures that any pattern that arises is not dependent
on organelle sequestration. The first injections were made
with a pipette concentration of z10 mg/ml. When intro-
duced into the cell at this concentration, streaming was
abolished at the point of injection and tube growth halted.
As the dye diffused along the tube one could observe a
progressive inhibition of cytoplasmic streaming with com-
plete blockage after 15Ð30 min, and no apparent recovery.
It followed that at this concentration BCECF-dextran ex-
erted a pronounced deleterious effect, especially on stream-
ing and growth. Using lower concentrations (1 mg/ml) we
found that pollen tubes were relatively unaffected in the
growth rates or any other structural feature. However, no
gradients or hot spots of pH could be observed (Fig. 3 a).
Since under these conditions the signal generated was very
high, requiring the use of several neutral density filters and
exposures of just a few milliseconds, and since at higher
concentrations deleterious effects of the probe have been
observed, we tried even lower concentrations of BCECF-
dextran to fully explore the camera sensitivity and dy-
namic range. The concentration of the injection solution
Figure 3. Effect of BCECF-
dextran intracellular concen-
tration on the resolution of
pHc. The intracellular con-
centration was estimated by
in vitro/in vivo calibration
methods (see Materials and
Methods). Only when an es-
timated concentration of
less than 1.0 mM was ob-
tained could some differenti-
ation of the pHc be observed
(b). In tubes injected to final
concentrations of less than
0.5 mM, e.g., 0.3 mM (c), a
stable spatial pattern of pHc
was always observed, with
a distinct alkaline band
roughly located over the
clear zone area and an acidic
tip, often appearing with the
shape similar to the inverted
cone of vesicles located in
close vicinity to the tip. The
rest of the tube cytosol was
neutral.
Figure 4. Comparison of two growing tubes with different diameters (a and b) and a nongrowing tube (c). Although all growing tubes,
regardless of the tube diameter and growth speed, exhibit an alkaline band, only growing tubes show an acidic tip. Note how the alkaline
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was then lowered to 0.7 and then 0.5 mg/ml, again with
minimal injection quantities. Below this range, edge arti-
facts, i.e., optical gradients after ratio provoked by insuffi-
cient concentration of the dye on the edges, became evi-
dent. Within this range, however, an alkaline gradient
became evident in the apical region (Fig. 3 b) and finally,
in the optimized conditions for system sensitivity and dy-
namics, in which there were minimal or no neutral density
filters, and in which exposures lasted a few hundred milli-
seconds, a clear pattern began to emerge that consisted of
an alkaline band at the base of the clear zone and an acidic
gradient at the extreme apex (Fig. 3 c).
Since the level of the dye seems to be of pivotal impor-
tance for understanding the physical basis of this result, we
developed a method to estimate its intracellular concen-
tration, which depended on the fluorescence emitted by
the pH-independent wavelength (450 nm). The results ob-
tained showed that the threshold concentration for the
pattern to be observable is z0.5 mM, and when the dye
concentration is over 1.0 mM, no gradient is detected.
Therefore all subsequent experiments were performed in
conditions of low dye concentration. The pHc pattern de-
scribed above was then observed in all pollen tubes suc-
cessfully injected and imaged.
Since the use of low dye concentration and long expo-
sures has been systematically reported to potentially give
rise to various ratioing artifacts, we undertook a special ef-
fort to make sure this did not confound our results. The re-
sults obtained are shown in Figs. 5 and 6, which show the
raw images corresponding to the tube depicted in Fig. 3 c,
without any background subtraction or further manipula-
tion. Of special note is the homogeneous distribution of
the dye along the tube, up to the tip, and the complete ab-
sence of any detectable sequestration. Fig. 5 c, on the
other hand, shows the results of the calibration in pseudo-
cytosol with the same dye concentration (0.3 mM) and the
clear response of the dye in the exact same imaging condi-
tions even at these low concentrations. Fig. 5 d brings to-
gether (a) transects along the dependent and independent
channel images from Fig. 5, a and b; (b) their direct ratio
without any background subtraction or thresholding; and
(c) the calibration ratio values obtained from Fig. 5 c, us-
ing the same imaging and processing parameters. The re-
sults show that both dependent and independent traces
run parallel until the clear zone, where there is an obvious
deviation of the dependent trace. The independent trace
stays within the same range up until the tip dome and then
quickly decays. The ratio trace reveals a pHc elevation in
Figure 5. Ratio calculation
and calibration from raw im-
ages. (a and b) Typical raw
images of the pH-indepen-
dent and the pH-dependent
BCECF excitation wave-
lengths, without background
subtraction. (c) In vitro cali-
bration from raw images as
collected in exactly the same
filter and integration condi-
tions. The left half (D) repre-
sents the pH-dependent exci-
tation wavelength and the
right half (I) represents the
pH-independent excitation
wavelength. Calibrations were
made in pseudocytosol me-
dium (see Materials and
Methods) contained 0.35 mM
BCECF-dextran, and an ap-
proximate thickness of 15 mm
between slide and coverslip
(as calculated from the vol-
ume applied). Note that the
pixel intensity in the indepen-
dent channel is similar in the three images and similar to the pixel intensity along the midtransect of the pollen tube independent wave-
length image. (d) Ratio values as calculated directly from the raw images (a, b, and c) without background subtraction. The lines repre-
sent the pixel profiles along the midsection of the tube and their ratio (dependent/independent 3 130). The horizontal lines represent
the calibration ratio value calculated by averaging the pixel intensity of square boxes with 2,000 mm2, as in c.
Figure 6. Image of a growing BCECF-loaded tube that impacts an unloaded tube (arrow). (a) Mixed fluorescence/transmitted light im-
age shows the relative position of the two tubes. (b) The fluorescence collected in the pH-independent channel and (c) in the pH-depen-
dent channel. The graph plotted in d summarizes the mid line scans of both b and c, their respective ratio (dependent/independent 3
130) and the calibration values collected under the same imaging conditions (see Fig. 5). The two bottom traces correspond to mid line
scans along the unloaded tube (arrows) from the fluorescence images b and c. The slight elevation at 30 mm corresponds to the area
where the tip of the loaded tube abuts the unloaded tube. The mean pixel intensity plotted in the upper and lower traces can be taken as
an indirect measure of the signal/noise ratio of the system used, namely, z10-fold. An acidic tip in the loaded tube is not seen because
the tube slowed markedly in growth after striking the unloaded tube.Feij et al. pH and Proton Fluxes in Pollen Tubes 489
the beginning of the clear zone, reaching a plateau z7.5,
which lasts for z20 mm and a decrease within 10 mm to
z6.5. Fig. 6 explores the signal to noise ratio in these
working conditions. The image shows two tubes, in which
one has a typical dye load, while the other is nonloaded;
both tubes are depicted in a combined low-light transmit-
ted/fluorescence image (Fig. 6 a). The raw images (Fig. 6,
b and c) indicate almost no detectable light in the area of
the nonloaded tube. The traces are brought together in
Fig. 6 d and display a signal to noise ratio that is z10-fold.
Although an alkaline band is visible, there is no acidic tip
since this tube had been inhibited in growth after impact-
ing the nonloaded tube.
The correlation of the intracellular and extracellular
patterns was then established, as shown in Fig. 7. Simulta-
neous imaging and vibrating probe analysis, due to techni-
cal limitations, has not been possible. Therefore, correla-
tions were made through the comparison of two different
pollen tubes, which were chosen with similar growing and
structural characteristics (growth medium, length, growth
rate, tube diameter, and clear zone extension). Six tubes
were compared with very similar characteristics. A corre-
lation of the one depicted in Fig. 7 revealed that the alka-
line band corresponded generally to the proton efflux do-
main.
Pollen Tubes Have a Constitutive Alkaline Band and an 
Acidic Tip That Is Dependent on Growth
Given the observations of alkaline and acidic domains, we
addressed the question whether or not this intracellular
pattern was related to the growth, or even implicated in
its regulation. We sought to observe tubes with different
growth rates (or fully stopped) and different tube diame-
ters. Fig. 4 shows two growing tubes with different diame-
ters (12 and 15 mm) and different growth rates (tube a
growing at 18 mm/min and tube b at 7 mm/min). They both
have a distinct alkaline band, but the acidic tip of the
slowly growing tube is smaller. A fully stopped tube (Fig. 4
c) also shows the alkaline band, but the acidic tip is totally
absent. It thus seems that although the alkaline band is
constitutive, the acidic tip is dependent on growth. These
results were confirmed through a stop-and-go experiment
(see Fig. 9) in which tube growth was halted by gentle ad-
dition of medium with increased osmolarity, followed by
growth reinitiation when returned to normal medium.
Growth recovery occurs within 10Ð20 min and could be
followed to the moment when the newly formed tube pro-
truded from the tip. This sequence (see Fig. 9) shows the
formation of the slightly acidic domain, which will consti-
tute the apical cytosol.
Since most of the tubes over 800 mm display oscillatory
proton influxes at the tip and oscillatory growth rates, we
then tried to follow the variations of pH during growth. A
typical result is displayed in Fig. 8. Two features emerge
from these sequences: first, there is a periodic change in
pHc, especially expressed in the alkaline band, and second,
the shape and position of the acidic tip also changes, from
plano-convex when the alkaline band pH is higher, to an
inverted, or bi-convex cone when the pH decreases (see
figure legend for details). Furthermore, in the final two
frames, where the tube bends, the acidic tip is also asym-
metric with the lowest pH region corresponding to the di-
rection of pollen tube elongation. The deformation of the
acidic tip would then be consistent with a flux of protons
entering through the extreme apex, which would lower
pHc in the alkaline band. Further analysis of this correla-
tion was assayed and the variations of the alkaline band
pH were plotted together with the growth rate (see Fig.
12). The use of diluted probe solutions renders the in-
jected cells susceptible to photobleaching, restricting the
time resolution to 15Ð20 s. The sequence plotted had an in-
terval of 16.5 s between consecutive frames. Thus, al-
though precise correlation is difficult, the global trend
shows that when pHc increases in the alkaline band, the
growth rates decrease, and conversely, when pHc de-
Figure 7. Comparison of the
pHc (Fig. 7 a) and the extra-
cellular proton fluxes (Fig. 7
b) in two tubes with match-
ing sizes, growth rates,
length, and extracellular pH.
A close correlation is observ-
able between the cytosolic al-
kaline band and the patterns
of proton efflux, in which
both roughly correspond to
the domain occupied by the
clear zone. Again the tip in-
verted cone is clearly visible
in the pHc picture. Although
these patterns were obtained
in different tubes, they show
a close correlation, suggest-
ing that the elevation of pHc
in the clear zone may corre-
spond (at least partly) to an
active proton efflux in the
same area.The Journal of Cell Biology, Volume 144, 1999 490
Figure 8. pHc time sequence
of a growing pollen tube.
Numbers on top of the tubes
are seconds from the begin-
ning of the sequence. The
mean interval between
frames is 16.5 s. An elevation
of pHc in the alkaline band is
clearly visible at times 33, 83,
and 132 s, reflecting possible
oscillations of pHc in this
area of the cytosol. The im-
ages also suggest some varia-
tions of the acidic tip, but
these ones proved to be more
difficult to quantify. Also vis-
ible is the change of shape of
the acidic tip. At times 17, 50,
and 132 s it has a biconvex
shape. However, at times 33,
83, and 116 s the shape
changes to plano-convex,
and at time 66 s it shows the
typical inverted cone config-
uration. Frames at 99, 149,
and 165 s show asymmetric
acidic tips which, in the later
two cases, follow the change
in growth direction.
Figure 9. Typical result of an
experiment in which growth
was arrested with an osmotic
shock and allowed to restart
after replacement of the nor-
mal medium. Numbers rep-
resent time in minutes from
the beginning of the se-
quence. The sequence shows
the moment where growth
restarts (third frame, time 5
min). The alkaline band is
slightly asymmetric, with the
higher values closer to the
half tube from which the new
tip is going to protrude. Be-
fore this happens no acidic
tip is clearly discernible. Yet,
when the new tip arises
(fourth and fifth frames, 10Ð12 min.) it defines a slightly acidic area of cytosol. The alkaline band then follows the acidic tip into the
newly formed tube, which is easy to spot due to its smaller diameter (sixth frame, 15 min) (refer to Fig. 11 for calibration wedge).
Figure 10. Comparison of the clear zone extension and the cytosol alkaline band. Three tubes with increasing lengths of their clear zone
are shown in transmitted light (aÐc) and the respective image for pHc (a9 to c9). Even though all tubes are growing with similar growth
rates, they possess very different clear zones. Tip a belonged to a very elongated tube (.3.0 mm) and has a clear zone restricted to the
terminal 15 mm, behind which the streaming of large organelles was vigorous. Correspondingly, the alkaline band was more restricted
but the acidic tip appeared normal (compare with Fig. 5 a). Tube b represents the more typical situation, with a clear zone of z50 mm.
In these tubes the alkaline band is very well defined, and its length extends to about the point where the streaming of the large or-
ganelles terminates. More rarely, tubes with very extended clear zones (sometimes over 200 mm) were also observed, as in c. In this case
the alkaline band is also very well defined, but several hot spots of pH elevation occur along the tube membrane (c9). These elevated re-
gions fade where the streaming terminates. Note that in the three cases shown, the acidic tip remains more or less equivalent in size and
magnitude (refer to Fig. 11 for calibration wedge).
Figure 11. Effect of buffer injection on pHc of a growing pollen tube. A standard growing tube was first injected with BCECF-dextran
and imaged (first frame). As expected, it shows the alkaline band and the acidic tip. It was then further injected with Hepes (see Mate-
rials and Methods) and followed for determination of the buffer effect. The second frame was obtained immediately after needle with-
drawal, and z5 min after the buffer injection. Growth rate was nearly the same but the alkaline band seems to have been narrowed. 15
min after injection (third frame), the tube continued to grow, although at a lower rate (from 15.0 to 9.0 mm/min) but the alkaline band is
now either absent or beyond the resolution limit of the imaging system.Feij et al. pH and Proton Fluxes in Pollen Tubes 491
creases (or in other words, proton concentration in-
creases) the growth rates increase. Taken together, the
results are globally consistent with the model of a constitu-
tive alkaline band that is, at least partly, generated by pro-
ton extrusion, and a slightly acidic tip that is, at least
partly, dependent upon localized proton influx. Moreover,
pollen tube elongation appears to be correlated with the
concentration of protons in the extreme apex.
The Alkaline Band Is Spatially Correlated with the 
Apical Clear Zone
It became evident from the first experiments that there
was a general agreement between the size and position of
the clear zone, the proton efflux domain, and the alkaline
band. The clear zone corresponds to the tip portion of the
cytoplasm in which streaming does not occur and large or-
ganelles are excluded. The molecular basis for this polar
behavior seems to be related to the disruption or reorgani-
zation of the actin cables that drive streaming (Miller et al.,
1996). For unknown reasons, the clear zone, although hav-
ing a typical length for a given species, displays a natural
variation in length. These variations do not correlate with
growth rates or tube diameter, and during these studies
clear zones ranging from 15 to more than 300 mm were ob-
served. Some of these extreme examples were injected
with BCECF-dextran in order to establish the possible
spatial correlation of the alkaline band and the clear zone.
Three typical results are shown in Fig. 10. A very short
clear zone (a) corresponds to a much more vaguely de-
fined alkaline band when compared with the standard 50-
mm clear zone (b). Likewise a tube with a very long clear
zone also shows a very extended alkaline band with sev-
eral hotspots along the membrane (c).
Buffer Injection Destroys the Gradient but Does Not 
Inhibit Growth
One of the central issues in all pHc results presented so far
concerns the effect of the dye/buffer concentration on the
visualization of the gradient. Since the probe itself func-
tions as a buffer, it was hypothesized that higher concen-
tration of the dye would function as a mobile buffer and
disrupt the gradient beyond the resolution of the imaging
system. To test this hypothesis, tubes were injected under
standard conditions that permitted reproducible resolu-
tion of the pattern shown in Fig. 7 a and were then injected
with Hepes buffer. A typical result is shown in Fig. 11. As
soon as the buffer starts to diffuse (Fig. 11 b) the alkaline
band starts to fade and 15 min after injection, it is hardly
discernible. Although the growth rate was reduced from
15 to 9 mm/min, pollen tubes continued to grow under con-
ditions in which a pHc gradient is no longer detected. In-
jection of higher quantities of Hepes irreversibly halted
growth and, in extreme cases, completely abolished cyto-
plasmic streaming.
Discussion
The Existence of a pHc Gradient in Growing
Pollen Tubes
Using two complimentary methods we provide evidence
that growing pollen tubes possess a pH gradient. The ex-
treme apex is acidic whereas a region corresponding to the
base of the clear zone displays an alkaline band. These
conclusions derive from the observations that (a) depict
directly the existence of a localized gradient, (b) associ-
ate the characteristics of this gradient with either growth
(acidic tip) or a structural feature (alkaline band), and (c)
establish complimentary profiles between extracellular
proton fluxes and intracellular proton distribution.
Although we cannot exclude the possibility that our re-
sults are species specific, or occur only in long, oscillating
pollen tubes, they could explain the failure of the previous
reports (Parton et al., 1997; Fricker et al., 1997; Messerli
and Robinson, 1998) to detect the apical pHc gradient. In
brief, we suggest that when the indicator dye is elevated to
1 mM or more it becomes sufficiently active as a shuttle
buffer to dissipate local pH gradients. Not only do the
studies on the calibration of the dye concentration support
this claim, but the additional experiments in which we in-
jected differing amounts of a pH buffer reveal that the gra-
dient can be predictably modified, without necessarily in-
hibiting pollen tube elongation. Thus we have been able to
reproduce the results of the other published reports (Fig.
3). However, by producing ratio images at low dye concen-
trations in a system with optimized sensitivity, we were
able to resolve a pHc gradient in lily pollen tubes.
Although the confocal microscope is a powerful obser-
vational instrument (Hepler and Gunning, 1998), it may
not be ideally suited for ratiometric ion analysis, due in
part to the relatively high level of excitation and/or high
dye concentration needed to form a good quality image in
a single thin optical section. Indeed, as pointed out by
Opas (1997), ÒConfocal microscopy, in its present incarna-
tion, is not best suited for multiwavelength detection of
Figure 12. Correlation between pHc oscillations in the alkaline
band and growth rate on the same tube. At the low probe intra-
cellular concentrations used, the time interval (25 s) shown repre-
sents the best possible compromise between fading and time-res-
olution. Although not allowing precise correlation, oscillatory
variations (i.e., with at least three full cycles) of pHc in the alka-
line band were detected, with periods ranging from 25 to 55 s. In
most of these the correlation of pHc at the alkaline band and the
growth rate showed the trend depicted in this plot, i.e., when
growth goes up, the pH goes down (or, in other words, proton
concentration goes up). At this time resolution, however, a signif-
icant portion of the wave function is lost and precise correlation
is not possible.The Journal of Cell Biology, Volume 144, 1999 492
weak fluorescent signals and their fast changes. If such
signals are to be detected a dedicated wide-field system
should be employed.Ó In the present study we have specif-
ically used a wide-field imaging system enabling us to
work at dye concentrations, at least one order of magni-
tude below most of the estimates of intracellular BCECF
or seminapthorhodafluor (SNARF-1) used by others (Fricker
et al., 1993, 1994, 1997; Parton et al., 1997; Messerli and
Robinson, 1998). One danger of working at low dye con-
centrations is the possible Òedge-artifact,Ó i.e., the possibil-
ity of creating false gradients by insufficient dye concen-
tration in the edges of a curved surface, where the optical
path is shorter. We are, however, confident that this has
not compromised our results since we found this threshold
to be below 0.1 mM. Furthermore, if such an aberration
were present, it would not produce the fine characteristics
of the acidic tip shown for the stop-and-go experiment
(Fig. 9) or in the temporal sequences (Fig. 8), where the
pollen tube changes shape according to the growth behav-
ior, and it would not be affected by the injection of a non-
fluorescent pH buffer (Fig. 11). Also the detailed analysis
of the raw images (Figs. 5 and 6) shows no evidence of
low-light artifacts or insufficient signal to noise ratio. In-
deed, the ratio lines, numerically derived directly from
transects of the raw images, produce the exact same pHc
profile, and further reveal that the signal is z10-fold above
the background fluorescence.
The Membrane Basis of the Gradient
Although the image of the acidic domain in the pollen
tube apex and alkaline band at the base of the clear zone
make it appear as if these ionic distributions are expressed
throughout the thickness of the pollen tube, we think in-
stead that they are manifest only close to the plasma mem-
brane. It must be stressed that these ratiometric images
are not optical sections, but are projections of virtually the
entire tube volume onto a single image plane. Thus the al-
kaline band in reality may be a cortical ring or torus, with
maximal expression at the inner surface of the plasma
membrane. Similarly the acidic domain in the pollen tube
apex is likely to be a hollow cone dominated by the intense
proton influx at the plasma membrane. This explanation
would account for the observed fact that growth is not
abolished in the absence of a detectable gradient. It seems
quite likely, under conditions of elevated dye concentra-
tion, that the gradient is still present but because it is
closely situated next to the plasma membrane, where its
action may lay, it is below the resolution limit of the micro-
scope systems used thus far. In support of this contention
we refer to the study of Stern (1992) on the local [Ca21] in
the vicinity of a pore, which shows that the application of
an exogenous Ca21-buffer steepens the existing gradient,
rather than reducing its high point. We suggest that a simi-
lar phenomenon affects the local pHc gradient in response
to a pH dye or buffer, in which the gradient, although
steep in magnitude, is spatially restricted to a zone 10Ð20 nm
from the plasma membrane. Since, even under optimal
conditions, it is unlikely that resolutions under 200 nm are
achieved, it can readily be appreciated that the microscope
would be incapable of detecting a gradient of molecular
dimensions appressed to a membrane. Indeed, in the wide-
field system used in this study, there has been some sacri-
fice of spatial resolution to satisfy light-gathering needs.
Thus, each pixel on the CCD represents 0.29 mm, whereas
the Nyquist requirements for maximal spatial resolution
demand sampling at 0.07 mm (Pawley, 1995; Hepler and
Gunning, 1998). We conclude, therefore, that under condi-
tions of limited buffering, which permit growth to continue,
a functional pH gradient might exist as a consequence of
membrane flux anisotropies, but that its restricted spatial
dimensions render it undetectable in currently used opti-
cal systems.
The question thus remains how protons are transported
in to and out from the apical region. Proton entry, ac-
counting for the apical acidic domain, is an exergonic reac-
tion from a medium of high proton concentration, pH 5.5Ð
6.0, relative to the cytoplasm (bulk zpH 7.0). Although
specific proton channels have not yet been described there
is evidence that other cationic channels, notably stretch-
activated Ca21 channels, which have been postulated to be
active in the pollen tube apex (Obermeyer et al., 1991;
Malh et al., 1995; Feij et al., 1995; Pierson et al., 1996),
are known to be relatively nonspecific and may allow en-
try of potassium and protons (Yang and Sachs, 1989). Al-
though Ca21 and H1 distribution is not exactly identical in
the pollen tube tip there is substantial similarity arguing in
support of a similar mechanism of entry.
Proton efflux is most likely driven by the ubiquitous H1-
ATPase that is responsible for proton extrusion activity in
the plasma membrane of plant cells (Sze, 1985; Al-Awqati,
1986; Briskin and Hanson, 1992), including pollen (Feij
et al., 1995). Although most studies indicate that the pol-
len grain exhibits high H1-ATPase activity, there is some
controversy concerning the location of this activity in the
tip domain (Feij et al., 1992; Obermeyer et al., 1992). For
example, a monoclonal antibody against the 100 kD H1-
ATPase of maize plasma membranes shows no labeling
(Obermeyer et al., 1992), whereas clear ATPase activity,
compatible with a H1-ATPase, was detected by enzyme
cytochemistry in both Agapanthus umbellatus (Feij et al.,
1992) and Ophrys lutea (Feij et al., 1994a), which is fully
compatible with the extracellular fluxes described herein.
Since the ionic dependencies of the tip H1-ATPase were
slightly different from those in the pollen grain, we may
hypothesize that they represent a different protein, which
could account for the differences in immunolabeling (Ober-
meyer et al., 1992). In attempting to account for the polar-
ized location of this pump, one possibility is that it is in-
troduced into the apex during vesicle fusion. However,
because of the high [Ca21] at the extreme apex, the activity
of the H1-ATPase would be inhibited, as described in
other systems (Kinoshita et al., 1995; Lino et al., 1998),
whereas back from the apex, where the [Ca21] is at a basal
level, the pump would exert maximal activity, an idea that
is consistent with our vibrating probe data.
Mechanisms That Contribute to the Formation of a pHc 
Gradient in Growing Pollen Tubes: From Diffusion
to Reaction-Diffusion
Given that growing pollen tubes possesses a substantial
pHc gradient, it becomes a question how this is generated,
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trolled within close tolerances. We initially attempted to
apply a linear diffusion model that relied on three con-
cepts, namely: (a) the cytosolic buffering capacity; (b) the
relative mobility of protons and buffers; and (c) the fluxes
needed to overcome pHc buffering capacity. Although
used successfully in an analysis of pH in extracted axo-
plasm in a artificial chamber (Al-Baldawi and Abercrom-
bie, 1992), the conditions are clearly inadequate for the
growing pollen tube where there are marked asymmetries,
even spatial separation, in the distribution of pumps and
channels, which will create proton anisotropies. In addi-
tion, buffering capacity in the pollen tube is likely to be
unevenly distributed with that in the clear zone being less
than the shank since most of the organelles with active
metabolic pathways and immobile buffering systems, e.g.,
vacuoles (Smith and Reid, 1991; Frohnmeyer et al., 1998),
are excluded from the clear zone. When these issues are
considered together with the realization that the concepts
of linear diffusion fail to acknowledge that intracellular
buffers are themselves the product of metabolic reactions
that yield or consume H1, and that buffering capacity de-
pends on pHc itself (Ravesloot, 1998), it becomes neces-
sary to introduce features of nonlinearity.
A more realistic model is one typified by a reaction-dif-
fusion system that incorporates kinetic terms related to
metabolism and transport processes, and diffusion terms
imposed by the differential localization of membrane fluxes;
when taken together these factors can amplify anisotropy
in ion distribution, and possibly account for the formation
of pH gradients in pollen tubes. We summarize our think-
ing in Fig. 13 where, for the sake of simplicity we reduce
the problem to a two-dimensional space and simplify the
geometry of the pollen tube to a rectangular shape. The
model considers two compartments, the intracellular and
extracellular spaces, separated by an interface with hetero-
geneous permeability properties. In the tip, proton influx
exhibits saturation kinetics imposed by the transport limi-
tations of the specific carriers; we suggest that within this
area the spatial distribution of ionic channels is uniform.
We also define nonapical areas rich in active ATPase sys-
tems that actively extrude protons. We stress that these bi-
ological conjectures are supported by the results obtained
with proton selective vibrating electrodes reported herein.
The model, depicted graphically in Fig 13 and mathe-
matically in the Appendix, draws attention to three critical
factors in the global control of proton flux, as follows: (a)
intracellular buffering associated with the cellular regula-
tion of pH; (b) extracellular buffering; and (c) fluxes be-
tween the intracellular and extracellular compartments.
Thus, in accordance with a typical reaction-diffusion sys-
tem, the model incorporates kinetic terms related to me-
tabolism and transport processes, and diffusion terms im-
posed by the differential localization of membrane fluxes.
Although we cannot offer a numerical resolution of the
model because we lack the exact buffering and apparent
proton diffusion coefficients in pollen tubes, nevertheless
we note that the system has the necessary conditions to
support the spontaneous emergence of stable spatial pat-
terns (Turing, 1952; Murray, 1993; Gray and Scott, 1994).
In addition, the equations provide a means to account for
transient neutralization of a pH gradient through the addi-
tion of weak acids or bases. The plausibility of the model
gains support from previous observations showing that
pollen tubes possess a calcium gradient (Holdaway-Clarke
et al., 1997; Messerli and Robinson, 1997), which, in addi-
tion to the proton gradient demonstrated herein, oscillates
in concert with periodic changes in the growth rate.
Cytological Consequences of the Gradient: pHc as a 
Spatial Organizer in Apical Growth?
There are many processes within the pollen tube that
could be affected by localized pH domains; we will direct
attention to only a few. First, given the relationship be-
tween acidification and the events of exocytosis and endo-
cytosis, it would seem likely that the high levels of protons
at the pollen tube apex would be involved. Exocytosis,
which is essential for pollen tube elongation, involves the
delivery of new membrane to the existing plasma mem-
brane and material to the expanding wall. In certain sys-
tems acidification promotes the process; for example, in
turtle bladder low pH facilitates the exocytosis of mem-
brane containing H1-ATPase activity (Gluck et al., 1982).
Although many details need to be experimentally re-
solved, the close spatial correlation between the locus of
secretory events and the pHc gradient support the conten-
tion that the latter contributes to the former.
The cytoskeleton is another target for the regulation by
pHc (Yonezawa et al., 1985; Suprenant, 1991; Andersland
and Parthasarathy, 1993; Edmonds et al., 1995) with par-
ticular attention being directed towards actin micro-
filaments. It is well known that an actomyosin system,
which generates cytoplasmic streaming and transports the
vesicles to the apical region, is essential for pollen tube
growth. However, the streaming lanes do not penetrate
the apical clear zone, but instead terminate at its base.
Studies on the structure and distribution of actin microfila-
ments, in close agreement, show that the prominent cables
also do not extend into the clear zone but become diffusely
organized in this region (Miller et al., 1996; Kost et al.,
1998). With the realization, as shown herein, that this in-
terface is also the locus of the alkaline band, it becomes at-
tractive to consider the possible interaction between pHc
levels, and actin organization and dynamics. There are
many actin-binding proteins, of which some show sensitiv-
Figure 13. A model for proton gradients in pollen tubes. The ge-
ometry of the tube has been simplified to a two-dimensional rect-
angular section and the pivotal assumptions have been based on
the pattern described for extracellular fluxes. A and B represent
the intracellular and extracellular buffers, and C the metabolic ir-
reversible proton formation (see text and also Appendix for
mathematical details).The Journal of Cell Biology, Volume 144, 1999 494
ity to pHc. We briefly mention two, elongating factor-1a
(EF-1a) and cofilin/actin-depolymerizing factor (ADF),
both of which facilitate the remodeling of actin gels and
networks at slightly alkaline pH levels (7.2Ð7.3) (Yone-
zawa et al., 1985; Moon and Drubin, 1995; Murray et al.,
1996). It is further important to note that members of the
cofilin/ADF family exist in pollen, including both lily (Kim
et al., 1993) and maize (Lopez et al., 1996), where pollen-
specific forms of ADF have been identified. Cytochemical
studies on ADF in root hairs, another tip growing cell, re-
veal that the protein is localized at the apex, where actin
remodeling is thought to occur (Jiang et al., 1997). Al-
though direct observation is needed, it nevertheless seems
plausible that cofilin/ADF might reside near the region of
the alkaline band in pollen tube where it participates in
F-actin turnover and growth.
Finally, it is pertinent to consider the basal and apical
closed loops of proton currents (or proton short circuits)
and their possible role in pollen tube growth. It has been
argued that they are the result of underlying local cellular
process and that both the external and internal paths lack
a functional significance (Harold and Caldwell, 1990). Yet
it is possible that these current loops could generate either
an electrostatic field driving force or a trigger (Jaffe, 1977;
Nuccitelli, 1983; DeLoof, 1986) that influences, for exam-
ple, the directed flow of vesicles to the apex. Here it
should be noted that pollen tubes, contrary to other sys-
tems such as root hairs (Bibikova et al., 1997), do not dis-
play an endogenous polarity, but may readily change the
direction of growth in response to a number of stimuli
(Malh and Trewavas, 1996). The apically localized cur-
rent loop of the pollen tube may be a property that allows
the cell to perceive and respond to extracellular signals.
Agents or conditions that interact with the loop on the
outside could change its characteristics in ways that pro-
duce modifications in the alkaline band, which in turn alter
F-actin organization and/or vesicle secretion, and thus cause
the pollen tube to redirect its growth.
Appendix
To help understand the control of protons in both intracel-
lular and extracellular compartments we define two buffer
systems with different physicochemical properties as fol-
lows:
(1a)
(1b)
where AH and A2 represent the concentrations of a weak
acid and its conjugate base. In buffering conditions, i.e., at
instantaneous equilibrium, the proton concentration is
given by:
(2a)
AH
k1
®
¬
k 1 –
Hi
1 A2 +
BH
k2
®
¬
k 2 –
Ho
1 B2 +
Hi
1 ka1
AH
A2 --------- =
(2b)
where ka represents the ionization constants of weak acids.
Through the application of the Henderson-Hasselbalch
equation (Christian, 1986), the numerical results can be
converted directly to the pH scale.
The transmembrane transport systems, due to rate limi-
tations, are represented by saturation functions that de-
pend on the respective proton concentrations. In a first ap-
proximation we consider functions in the form of the
Michaelis-Menten equation (Cornish-Bowden, 1995):
(3a)
(3b)
where V and K represent the apparent kinetic parameters
related with the maximum velocity and affinity for proton
transport, respectively.
Additionally, and as a consequence of the irreversible
metabolic activity, an intracellular homogeneous produc-
tion of  H1 (Fig. 13) is also considered, as indicated below:
(4)
Applying the mass action law to the biochemical reac-
tion (Eq. 4) above yields an autonomous differential equa-
tion of the form:
(5)
Merging these physical and chemical conjectures yields
the following partial differential equations:
Hi
1 ø intracellular buffer effect 1 metabolic proton production Ð proton
efflux 1 proton influx 1 proton diffusion
(6a)
He
1 ø extracellular buffer effect Ð proton influx 1 proton efflux 1 proton
diffusion
(6b)
These equations include both kinetic and diffusion terms,
where DH1 represents the apparent diffusion coefficients
in two media, and ,2H1 is a condensed representation of
FickÕs second law denoted by the Laplace operator. We
also assume that buffer variables are constant and have
a homogeneous spatial distribution within this compart-
ment. These equations represent a reaction-diffusion sys-
tem capable of supporting a stable spatial pattern.
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